ABSTRACT: Measurements of larval vertical distributions at high temporal and spatial resolutions as well as larval behavioural responses to environmental characteristics are needed to parameterize bio-physical models of larval dispersal or transport. We studied larval vertical distribution for 7 taxonomic groups (gastropods, bivalves, polychaetes, bryozoans, asteroids, carideans and brachyurans), with different morphology, swimming abilities and life-history strategies, and examined whether these vary with physical or biological factors and periodic cycles (diel period and tidal state) in the field. Using a pump, we collected plankton samples at 6 depths (3, 6, 9, 12, 18 and 24 m), over a 36 and a 26 h period. Temperature, salinity, fluorescence and current velocity were measured concurrently. Larval vertical distribution varied among taxonomic groups, but 4 patterns could be distinguished: (1) larvae exclusively in the mixed layer (asteroids), (2) larvae predominantly below the thermocline, halocline and pycnocline (gastropods, bivalves, polychaetes), (3) larvae associated predominantly with the fluorescence maximum (bryozoans and carideans) and (4) larval distribution varying dielly (gastropods, polychaetes, carideans and brachyurans). Based on flow velocities and depending on distribution, asteroid larvae were likely to be transported farther than those of bryozoans and carideans, while direction and magnitude of transport varied for the other larvae. For most taxonomic groups, behaviour observed in the field agreed with measured laboratory responses to relevant cues. For asteroids and bivalves, simple beha vioural parameters can be generated that can be utilized to improve the accuracy of biophysical models. 
INTRODUCTION
For marine benthic invertebrates with a meroplanktonic phase, larval dispersal is critical for the establishment and maintenance of adult populations. Meroplanktonic larvae can reside in the water column for hours to months, thus enabling them to both exploit new habitats or recolonize old ones. The degree of larval exchange between populations can regulate their stability and resilience. Thus, quantification of the mechanisms that drive larval transport, retention and supply, as well as realistic measures of distance travelled, direction and frequency of dispersal, are necessary for management and protection of species and their ecosystems.
Meroplanktonic larvae are typically small (< 0.2 cm) and weak swimmers (~0.1 to 1.5 cm s −1 ) (Young 1995 , Metaxas 2001 ). Consequently, they are con sidered incapable of sustained horizontal movement against large-scale horizontal currents (velocities >100 cm s −1 ). Horizontal dispersal pat terns are mainly attributed to advection along dominant directions of flow.
Horizontal currents can ad vect larvae of coastal species offshore, leading to failure of recruitment to nearshore habitats (Shanks 1995) .
Meroplankton are capable of movement against vertical currents, as their swimming or sinking speeds are greater than weak vertical current velocities (0.1 cm s −1 ) (Chia et al. 1984 , Metaxas 2001 . Larval movement between layers of different velocities can alter the horizontal direction and magnitude of larval transport and dispersal (DiBacco et al. 2001 , Metaxas 2001 . Through changes in buoyancy or propulsion by ciliary or muscular activity, some crustacean and bivalve larvae can cover large distances vertically, in some cases many times a day (Cronin & Forward 1986 , dos Santos et al. 2008 . Larval movement can possibly be triggered through an innate behavioural response to physical and/or chemical stimuli. Consequently, sensory detection of the environment can potentially affect larval direction of movement and/or swimming be haviour (acceleration, deceleration, cessation) (Kingsford et al. 2002) . Currently, the role of larval behaviour in affecting their horizontal transport remains elusive, and the conditions under which larvae may actively regulate their depth are poorly understood (Metaxas & Saunders 2009 ).
The vertical distribution of meroplankton in the water column can be related to physical and biological discontinuities. Many larvae respond to abiotic (e.g. temperature, salinity, density, pressure, gravity, light, flow regimes, tides and waves) and biotic (predators, food and conspecifics) cues that can in turn be related to features in the water column (Young 1995) , thus possibly shaping larval vertical distributions. For example, aggregations of bivalve larvae at the chlorophyll maximum (Raby et al. 1994) and the pycnocline (Tremblay & Sinclair 1990b) have been observed in the field. In the laboratory, larvae (e.g. echinoderms, bivalves and crustaceans) respond to food patches (Metaxas & Young 1998 , Sa meoto & Metaxas 2008b , gradients in temperature (McConnaughey & Sulkin 1984 , Daigle & Metaxas 2011 and salinity (Mann et al. 1991 , Sameoto & Metaxas 2008a , and to the presence of predators (Metaxas & Burdett-Coutts 2006) , and their response to cues can be measured through changes in vertical or horizontal distribution, or swimming speeds. In the field, however, behaviour is typically inferred from changes in spatial and temporal patterns in abundance and distribution on many scales. Since patchy larval distributions can confound these patterns, our understanding of larval behaviour is based mainly on laboratory studies. Some larval taxa appear to respond to cues linked to predictable cycles, such as tidal states, diel periods, lunar phases or ontogenetic stages. For example, crustacean larvae relate their movement to changes in the tide, and as a result, increase the probability of import or export in or out of bays (Garrison 1999 , DiBacco et al. 2001 . Some larval gastropods, bi valves, polychaetes, echinoids and crustaceans respond to diel cues either by diel migration (toward the surface at night and deeper waters during the day) or reverse-diel migration (Pennington & Emlet 1986 , Young & Chia 1987 , Poulin et al. 2002 . Larval bi valves are thought to respond to lunar cues, which are generally linked to light intensity and/or a combination of tidal and diel cues (Manuel & O'Dor 1997) . Older larvae of bivalves and decapods tend to be more abundant near the seafloor than younger ones, presumably due to an increase in specific gravity and change in morphology or behaviour (Brookins & Epifanio 1985 , Tamaki et al. 2010 . Near-bottom distribution presumably enhances the probability of locating a suitable site for settlement. Larval movement in response to these periodic cues is suggested as a mechanism to avoid predation, optimize feeding and increase or decrease transport (Young 1995) .
Quantifying larval transport in the field is difficult due to small larval size and prolonged planktonic duration (days to months). Consequently, biophysical models are increasingly being used to quantify larval transport and supply to the benthos. The ability of these models to predict larval distributions and transport depends on the accuracy of estimates of the physical and biological parameters in the field, and often these are location-, species-and life history stage-specific (Metaxas & Saunders 2009 ). Invertebrate larvae are often modeled as passive (nonswimming) particles, and their dispersal is mainly attributed to physical processes. Often these models cannot account for observed larval distributions (Metaxas & Saunders 2009 ), possibly because parameterizations of biological variables are based mainly on laboratory studies, where larval behaviors are often measured on small scales (cm) and in the absence of flow (Metaxas 2001 , Kingsford et al. 2002 , Metaxas & Saunders 2009 . As more biological parameters (e.g. vertical migration, larval behaviour, growth, mortality and settlement behaviour) are incorporated into these models, the outputs can change significantly (North et al. 2008 , Metaxas & Saunders 2009 , Gilbert et al. 2010 , Huebert et al. 2011 . Thus, to accurately model larval transport, we need better measures of biological parameters in the field. Spa-tial and temporal measures (continuous, or at least at high frequency) of changes in larval vertical distribution relative to associated changes in the water column are needed to quantify larval behaviour in situ.
To date, most studies of vertical distribution or migration in the field focus on a single species or taxonomic group. Less than a handful of studies examine changes in vertical distribution concurrently for multiple taxonomic groups (e.g. gastro pods, bivalves, crustaceans and polychaetes) with different swimming abilities, morphologies and life histories. In these studies, changes in vertical distribution were measured in an upwelling-downwelling region in the outer Banks of North Carolina (depth: 20−25 m) (Garland et al. 2002) or in an artificial lagoon at sluice dock Ostend (depth: 1.5 m) (Daro 1974) . Our study extends previous knowledge by examining changes in the larval vertical distribution for different taxonomic groups in a coastal em bayment during a stable period (i.e. water column structure remains consistent), at high temporal frequencies (h) and spatial resolutions (m). We examined whether changes in larval vertical distribution in St. George's Bay, Nova Scotia, Canada, within the season of high larval abundance, over a 36 and a 26 h period, during the full moon and quarter moon, res pectively. We exa mined distributions of 7 different taxonomic groups, with contrasting life histories (i.e. planktonic larval durations, developmental and feeding modes, etc.), morphologies (size and form) and swimming abilities (weak to strong), under the same environmental conditions. This approach allowed us to assess variation among taxa in the factors that may regulate larval vertical distributions in the field. Since behavioural respon ses to cues (e.g. temperature, salinity, density, food, light etc.) for some of these taxonomic groups (bivalves, asteroids, brachy urans) have been measured in laboratory studies, we can associate changes in their vertical distribution in the field with published behavioural re sponses observed in the laboratory. Thus, we can begin to quantify the role of larval behaviour in the field, which in turn can improve the parameterization of biological variables for biophy sical models, and ultimately improve estimates of trans port for different taxonomic groups of larvae.
MATERIALS AND METHODS

Plankton sampling and processing
Plankton samples were collected with a cast iron, high volume portable trash pump, in St. George's Bay, Nova Scotia, Canada (45°46.98' N, 61°46.66' W; depth = 25−26.5 m; for details of the study site, see Lloyd et al. 2012) , during a spring (full moon: 6−7 August 2009) and neap (quarter moon: 12− 13 August 2009) tide. The discharge from the pump was directed into a submerged 200 μm mesh plankton net to prevent damage to the larvae. While plankton sampling, the intake was moved vertically through a depth interval of ~1 m for 5 min for a sample volume of ~4.4 m 3 . Plankton were sampled at 3, 6, 9, 12, 18 and 24 m every 2 h (10:00, 12:00, 14:00, 16:00, 18:00, 20:00, 22:00, 00:00, 02:00, 04:00, 06:00 and 08:00 h), over a period of ~36 (6−7 August 2009) or 26 h (12−13 August 2009). Sampling depths were chosen to provide a stratified range of vertical positions above, below and within the pycnocline, where larvae were expected to be found based on the literature, while still sampling the entire water column. The net and codend were washed down with filtered seawater to concentrate larvae for preservation, and plankton samples were preserved in 90% ethanol. In the laboratory, larvae of benthic invertebrates were sorted and enumerated to major taxonomic groups (gastropods, bivalves, bryozoans, polychaetes, asteroids, brachyurans, cari deans). Hereafter, we use these taxonomic names to designate the corresponding larvae. For each taxon at each sampling time, depth and sampling period, larval abundance was calculated and standardized to the number of larvae m −3
. For the purpose of statistical analyses, larval abundance for each taxonomic group was normalized using where x' = normalized larval abundance at depth i at time j, x = larval abundance at depth i at time j, μ = overall mean larval abundance across all depths and sampling times and both sampling periods and SD = overall standard deviation in larval abundance across all depths and sampling times and both sampling periods. For further details of the plankton sampling and processing, see Lloyd et al. (2012) .
Sampling and processing of physical characteristics
Temperature, salinity, pressure, fluorescence and current velocities (vertical: w, north-south: v and east-west: u) were measured in the water column, averaged to 1 m depth bins from 1 to 23−25 m depth, with a conductivity-temperature-depth (CTD) re cor -
der, a fluorometer and an acoustic Doppler current profiler (ADCP) (for details, see Lloyd et al. 2012) . Before and during each plankton sampling time, 2 profiler casts were made. Some malfunctioning of the CTD and the fluorometer resulted in incomplete data sets. The ADCP was deployed on the seafloor, sampling over 1 m depth bins from just above the bottom to just below the surface, every 20 min from 11 July to 22 August 2009. A chain of VEMCO thermistors was attached to the edge of the ADCP mooring, and distributed throughout the water column, every 3 m from 3 to 24 m depth. For further details of the sampling of physical characteristics, see Lloyd et al. (2012) . For each profiler cast, only data collected during the down-casts were used, and any outliers in temperature, salinity or fluorescence were identified using a moving average and removed. Temperature measurements were averaged between the 2 casts (before and during plankton sampling), unless the CTD failed to record during one of the casts. Temperature, salinity and fluorescence were averaged into 1 m depth bins, and density calculated for each depth using the state equation for seawater ('swstate' function for Matlab [The Mathworks Co.] developed by Woods Hole Science Center [2011] ) for each sampling time. Vertical temperature, salinity and density gradients for each sampling time were calculated as ΔT/Δz, ΔS/Δz, Δσ t /Δz, respectively, where T is temperature (°C), S is salinity, σ t is density (ρ − 1000) and z is depth (m). For each sampling time, the depths of the thermocline, halocline and pycnocline, in a vertically stratified water column, were identified as the first depth bin where the vertical temperature, salinity and density gradients over 1 m were ≥ 0.5°C m , respectively (since variation in vertical gradient in the mixed layer was minimal). The depth of the fluorescence maximum was where the greatest fluorescence value was re cor ded. For further details of the profiler data processing, see Lloyd et al. (2012) .
For both the ADCP and thermistor data, missing or unreliable data were either replaced by linearly interpolated values from surrounding points if there were sufficient data (typically 1 or 2 points); or were removed entirely, and data from the upper 1 m of the water column were discarded due to side-lobe contamination of the signal from the surface. The current velocity components and the temperature data were filtered to remove high-frequency variability, for which the energy at periods below 2 h has been removed. For further details of the ADCP and thermistor data processing, see Lloyd et al. (2012) .
Statistical analyses
Temporal correlation in plankton abundance among sampling times was examined with autocorrelation analyses of the mean depth distribution (MDD) for each taxonomic group and sampling period using Matlab. This allowed us to determine the temporal lag at which autocorrelation is not significant and temporal dependency no longer present (Supplement 1 at www.int-res.com/ articles/ suppl/ m469 p037_ supp. pdf). This analysis revealed that the correlation among immediately adjacent (2 h lag) sampling times was not significant (p > 0.05) for all combinations of taxonomic groups, except for gastropods, bivalves and polychaetes during the full moon. For these 3 taxonomic groups, temporal dependency was absent by Lag 2 (i.e. 4 h, every second sampling period). Based on these results, we concluded that sample autocorrelation was minimal when the entire suite of sampling periods was considered, and treated sampling times as independent from one another.
The relationships between depth-specific normalized temperature (negatively correlated with depth, salinity and density [Supplement 2 at www. intres.com/ articles/ suppl/ m469 p037_ supp. pdf]), fluorescence, w, v and u and depth-specific normalized larval abundance were examined with multiple backwards-elimination regressions. Only significant relationships between environmental variables (excluding salinity, density and depth due to multicollinearity) and larval abundance as determined with simple linear regressions (Supplement 3 at www. int-res. com/ articles/ suppl/ m469 p037_ supp. pdf) were included in the multiple regressions. Because the normalized larval abundance data failed to meet the assumptions of normality and heterogeneity for linear regressions, as determined by examining the residuals, they were log(x + 2) transformed. We examined temporal changes in the vertical distributions of larvae using analysis of variance (ANOVA), as manifested by the interaction terms between depth and either diel period or tidal state. Depending on sampling time, abundance data from both sampling periods were assigned to 2 diel (day and night) and 4 tidal categories (ebb, flood, high and low). Based on sunset and sunrise times published by Environment Canada, we identified 18 day (8:00, 10:00, 12:00, 14:00, 16:00 and 18:00 h) and 6 night (22:00, 00:00 and 02:00 h) sampling times for both sampling periods combined. Dawn (4:00 and 6:00 h) and dusk (20:00 h) categories were excluded to minimize uncertainty in light levels. Based on tidal height, there were 10 ebb tide (decreasing tidal height), 9 flood tide (increasing tidal height), 6 high tide and 6 low tide tidal state sampling times for both sampling periods combined. Because there were not enough replicates to test all 3 factors (depth, tidal state and diel period) simultaneously, two 2-way ANOVAs were performed followed by Tukey's honestly significant difference (HSD) post-hoc tests to test the effects on normalized larval abundance of: (1) diel period and depth and (2) tidal state and depth. Given the large number of possible comparisons and statistical tests, we used α-values of 0.01 for linear regressions and ANOVAs and of 0.05 for Tukey's HSD. Al though a more conservative α-value was used, the Bonferonni adjustment was considered too conservative (α-value = 0.007), greatly increasing the probability of Type II error, compared to other adjustment statistics. All correlations, linear regressions, ANOVA and Tukey's HSD statistical analyses were conducted with SPSS 17.0.
Transport estimates
Estimates of larval transport over short temporal scales were calculated from progressive vector plots, where the distance travelled was calculated at 20 min intervals for a 24 h period, at 3, 6, 9, 12, 18 and 23 m depth, using 3 start times (10:00, 16:00 and 22:00 h) and over both sampling periods. For larvae maintaining a constant depth over the entire 24 h (i.e. 3, 6, 9, 12, 18 or 23 m), transport (distance and direction) was calculated as the vector between the start and end position at a single depth. For larvae with diel periodicity in vertical distribution, transport was calculated as the sum of either 2 or 3 vectors, each describing transport during the night and day (e.g. between 22:00 and 06:00 h, and between 06:00 and 22:00 h); or during the day, night and day (e.g. between 10:00 and 22:00 h, 22:00 and 06:00 h, and 06:00 and 10:00 h; or between 16:00 and 22:00 h, 22:00 and 06:00 h, and 06:00 and 16:00 h), respectively. To calculate these separate vectors, we used: (1) current velocities at 3 or 12 m for the first period, and currents at 18 or 23 m for the second period; or (2) currents at 18 or 23 m for the first and third period, and currents at 3 or 12 m for the second period. For these larvae, we have assumed migration from a daytime depth (either 18 or 24 m) to a shallower (either 3 or 12 m) night-time depth. Although progressive vector diagrams, calculated from a single point, are a useful method to estimate and examine general patterns in larval transport; this method has weaknesses, particularly when applied over longer time periods (Gawarkiewicz et al. 2007 ).
RESULTS
Physical structure of the water column
The structure of the water column remained relatively consistent at the sampling station across both sampling periods (Lloyd et al. 2012 ). There was a strong vertical gradient in temperature ranging from 22°C at the surface to ~4°C at 25 m, (mean ± SD: 17 ± 4°C). Salinity ranged from ~29 at the surface tõ 31 at 25 m (mean ± SD: 29.4 ± 0.4), and density ranged from ~21 kg m −3 at the surface to ~24 kg m ) (Fig. 1) . The water column was strongly stratified, with the thermocline, halocline and pycnocline located on average at ~12−15 m (depth range: 10−18 m) (Fig. 1) . Temperature was strongly negatively correlated with depth, salinity and density (Supplement 2), and the clines of all parameters overlapped (Fig. 1) . Water column structure was primarily a function of changes in temperature, since the average differences among profiles in temperature, salinity and density were 12°C, 1.1 and 3.0 kg m −3 , respectively, and stratification in St. George's Bay is associated with summer warming. Due to instrument failure or malfunction, there were many missing data for each environmental variable measured, particularly for salinity (salinity: 35% versus temperature: 10%) (Lloyd et al. 2012) . Salinity measurements within and among profiles were abnormally noisy, and considered suspect. Consequently, we only present patterns in larval abundance with temperature and the thermocline, although salinity (density) and the halocline (pycnocline), respectively, may be res ponsible for the same patterns. Fluorescence ranged between 0.09 and 0.35, peaked at depths between 13 and 18 m (Fig. 1) , but did not vary between day and night (Lloyd et al. 2012 ). In our study, fluorescence was used as a proxy for food (i.e. phytoplankton), although it may not represent all phytoplankton communities (e.g. eukaryotic phytoplankton, aggregates) (Prairie et al. 2010) .
Overall, no strong, persistent circulation patterns were detected in summer 2009. Mean currents within St. George's Bay were variable and tended to be depth-dependent (Lesperance et al. 2011 ). This pattern is consistent with an earlier study in St. George's Bay (Petrie & Drinkwater 1978) . While Petrie & Drinkwater (1978) described a clock-wise circulation, both at the surface and near the bottom, their and our data show substantial temporal and spatial variability in the current field. The tides provide regular forcing of the bay, but wind forcing leads to quite variable circulation, typical of such a semi-enclosed coastal embayment. During our sampling periods, the horizontal current velocities were relatively weak (<15.0 cm s −1 , measurement error < 1 cm s −1 ), but were stronger during the full moon than the quarter moon (Lloyd et al. 2012) . Consequently, shear was greater between depths during the full moon than the quarter moon. Horizontal velocities changed direction during shifts in tidal state, and the shift lag shows significant vertical structure. The vertical velocities were very weak (< 0.2 cm s ) and variable, and patterns were likely due to noise (Lloyd et al. 2012) .
General trends in the abundance, composition and ontogenetic stages of different taxonomic groups
We identified larvae of 7 numerically dominant taxonomic groups, with different life histories and swimming abi lities: gastropods, bivalves, polychaetes, bryo zoans, asteroids, carideans and brachyurans. Bivalve larvae were the most abundant, comprising 59% of total numerical abundance. The next 2 numerically dominant taxonomic groups were gastropods and bryozoans (10−30%), while the remaining groups accounted for < 3.5% of total abundance. The mean (depth-averaged) abundance of each taxonomic group varied little across time within each sampling period (Fig. 2) . Consequently, we assumed that we sampled the same larval population over time, since neither mean (depth-averaged) nor total abundance (M. Lloyd unpubl. data) of each taxonomic group changed over time within each sampling period. The mean (depth-averaged) abundance of most groups also varied little between sampling periods, except for polychaetes, which de creased between 6−7 and 12−13 August 2009 (Fig. 2) .
Gastropods were the most diverse taxonomic group, comprising 10 taxa, with Marga rites spp. the most abundant (~53% of total gastro pods; Fig. 2 ). Bivalves were composed of at least 2 taxa (possibly more), but only Anomia simplex (30% of total bivalves at the full moon and 49% at the quarter moon) could be reliably identified (Fig. 2) . Polychaetes comprised at least 4 families, and bryozoans 2 species, with Electra pilosa the most abundant (Fig. 2) . Brachyurans included at least 4 taxa, with Cancer irroratus the most abundant (91%) (Fig. 2) . Asteroids and carideans could only be reliably identified to class and infraorder, respectively. Different ontogenetic stages were present through out the water column over both sampling periods. Both early and late larval stages, as well as early juveniles, were observed for polychaetes, brachy urans and carideans, whereas only later stages were observed for asteroids. Also, some meroplankton that lack clear ontogenetic features varied in size. For example, gastropods ranged in size from 200 to 900 μm, and bivalves from 200 to 400 μm. Ontogenetic stages < 200 μm were excluded from this study by the mesh size of the plankton net.
Spatial and temporal patterns in vertical distribution
Gastropod larvae were found throughout the water column, but abundance was greatest below the thermocline (Fig. 3a) . Variation in their abundance was explained mostly by a negative relationship with temperature (Fig. 3a, Table 1 ). Fluorescence, w, v and u did not explain any of the variation in their (Table 1 , Supplement 3). Gastropods also exhibited diel vertical migration (Fig. 4) . The highest abundance was found at ~24 m during the day and at 12 m at night (Fig. 4 , Table 2 ). Like gastropods, bivalves occurred throughout the water column, with the greatest concentration below the thermocline (Fig. 3b, Tables 2 & 3) . Most of the variation in their abundance was explained by the thermal structure of the water column (Fig. 3b,  Table 1 ). Similar to gastropods, fluorescence, w, v and u did not explain any of the variation in bi valve abundance (Table 1 , Supplement 3). Unlike gastropods, the abundance of bivalves did not vary temporally on either a diel or tidal cycle (Fig. 4, Table 2 ).
Polychaetes stayed almost exclusively below the thermocline (Fig. 3c , Tables 2 & 3) and most of the variance in their abundance was explained by a negative relationship with temperature ( Fig. 3c, Table 1) ; fluorescence, w, v and u did not explain any of the variation (Table 1 , Supplement 3). This group was found at deeper depths (18−24 m) during the day than at night (Fig. 4, Table 2 ).
Bryozoans were concentrated at ~18 m, where fluorescence was highest, and most of the variation in their abundance was explained by a positive relationship with fluorescence (Fig. 3d, Table 1 ), whereas temperature, w, v and u did not explain any variation (Table 1 , Supplement 3). Bryozoan abundance did not vary temporally on either a tidal or diel cycle (Tables 2 & 3) .
Asteroids were found almost exclusively in the mixed layer, and much of the variation in their abundance was explained by temperature; there was also a positive relationship with v (Fig. 3e Although the vertical distribution of carideans varied over the sampling period, their abundance was most often greatest around the fluorescence maximum, generally below the thermocline (Fig. 3f , Table 1 ). The variation in their abundance was explained by the combination of temperature and fluorescence (Fig. 3f, Table 1 ). Current velocities (w, v and u) did not explain any of the variation in caridean abundance (Table 1 , Supplement 3). The highest abundance of carideans was found primarily at 18 m; however, at night, their vertical distribution was slightly shallower (Fig. 4, Table 2 ).
The abundance of brachyurans was greatest above or near the thermocline, but was variable over time (Fig. 3g) . Only 6% of the variation in their abundance was explained by the thermal structure and none by fluorescence, w, v, or u (Table 1, Supplement 3). They exhibited diel vertical migration within the upper mixed layer, and their concentration was greatest above the thermocline at night; they were more evenly distributed throughout the water column during the day (Fig. 4, Table 2 ).
Estimates of larval transport
We used progressive vector diagrams to estimate larval transport from our sampling site over a 24 h period, starting at 10:00, 16:00 and 22:00 h during the full and quarter moon. Estimated larval transport varied among depths (3, 6, 9, 12, 18 and 23 m) and start times (10:00, 16:00 and 22:00 h), and between sampling periods (full moon and quarter moon) (Fig. 5) . Larval transport was in a similar direction in the mixed layer and around the thermocline, but differed in magnitude. In contrast, larval transport below the thermocline at 18 and 23 m was often in opposite directions (Fig. 5) 23 m during the quarter moon was westward and southward, respectively. The direction and distance of larval transport over the 24 h period was more similar between the 10:00 and 16:00 h start times than the 22:00 h start time. Transport direction shifted, either clockwise or counter-clockwise, depending on depth, as start time changed from 10:00 to 16:00 to 22:00 h (Fig. 5, Table 4 ). Overall, larval excursions were greater during the full moon than the quarter moon, and larval transport was greatest at 12 m during the full moon and at 23 m during the quarter moon (Fig. 5 , Table 4 ). Diel migration either increased or decreased transport (Fig. 5, Table 4 ). For example, particles migrating from 23 m during the day to 12 m at night were transported further than those remaining at 23 m during the full moon, and nearer during the quarter moon (Fig. 5, Table 4 ). In contrast, migration from 18 m during the day to 3 m at night generally increased transport distance relative to those at 18 m, but altered direction (Fig. 5 , Table 4 ).
DISCUSSION
Spatial and temporal patterns in vertical distribution
We have demonstrated that larval vertical distribution varies among taxonomic groups. Observed patterns fall under 1 of 4 categories: (1) larvae found exclusively in the mixed layer, (2) larvae found predominantly below the thermocline, halocline and pycnocline, (3) larvae associated predominantly with the fluorescence maximum (and found below the pycnocline), and (4) larvae with dielly varying distributions. As a consequence, larvae in each of these categories experience different flow regimes, particularly where current intensity or direction are depth-dependent, which may alter their transport.
Late-staged larval asteroids were the only taxonomic group to be found almost exclusively in the mixed layer. In general, echinoderm larvae (e.g. asteroid, Odontaster validus and Asterias rubens) aggregate in the surface layer in field (Pearse & Bosch 1986 , Greenwood et al. 2001 ) and laboratory studies (Sameoto & Metaxas 2008 a, b, Daigle & Metaxas 2011 . Even though larval asteroids are weak swimmers (e.g. A. rubens: 0.03 cm s −1 ) (Chia et al. 1984) , they may be able to actively regulate their vertical po si tion within the water column. For example, earlystage larval asteroids (A. rubens) are known to swim towards the water surface, regardless of the thermal structure of the water column (Daigle & Metaxas 2011) . However, larval asteroid vertical movement may be inhibited in response to lethal or extreme temperatures (> 24°C) (Daigle & Metaxas 2011, C. Civelek unpubl. data) and salinities (< 24) (Sa meoto & Metaxas, 2008a, b) . Once within the mixed layer, asteroid larvae may actively maintain their position. A consequence of remaining within the mixed layer in our study may be a shortened planktonic du ration, as a result of the warm tem peratures there (~20°C). However, many asteroid larvae are planktotrophic, and the mixed layer in St. George's Bay may be food limited (Strathmann 1987) . Asteroid transport is most likely the result of advection in the mixed layer, potentially transporting larvae to wards the western shore of St. George's Bay during the full moon, and promoting retention du ring the quarter moon. Larval gastropods, bivalves and poly chaetes were found predominantly below the thermocline, halocline and pycnocline. The presence of a thermocline or a halocline often restricts the vertical distribution of larval bivalves, e.g. Placo pecten magellanius, Mytilus edu lis and Argo pecten irradians (Tremblay & Sinclair 1990b , Sameoto & Metaxas 2008b , Daigle & Metaxas 2011 . In labo ratory studies, rapid changes in temperature and salinity appear to elicit a behavioural re sponse in bi valves, potentially altering their swimming direction , Sameoto & Metaxas 2008b , Daigle & Metaxas 2011 . The magnitude of the salinity gradient (ΔS > 8) needed to elicit a response in larval bivalves is nowhere near the magnitude observed in our study (Mann et al. 1991 , Sameoto & Metaxas 2008b ). This response may have evolved as a mechanism to avoid stressful environmental conditions. Often, larval bivalves, ga stropods and polychaetes are found in cooler and more saline wa ters, deeper in the water column (Martin et al. 1997 , Garland et al. 2002 , Lloyd et al. 2012 or mostly around the sediment -water interface (Baker & Mann 2003) . In St. George's Bay, larval bivalves, gastropods and polychaetes may maintain their position below the thermocline where fluorescence concentrations are high to optimize feeding and minimize the risk of pre dation; however, cooler water temperatures likely increase planktonic larval durations and transport potential. In St. George's Bay, below the thermocline, currents generally flow in the opposite direction between 18 and 23 m. Consequently, bivalve larvae may be recirculated around our sampling site or transported towards the mouth of the bay during the full moon. In contrast, during the quarter moon, transport was shoreward to either the west or the east. Gastropods and polychaetes would experience similar transport to that of bivalves; however, their horizontal transport pattern would also be affected by diel vertical migration (see the last 2 paragraphs of this section).
Larval bryozoans and carideans differ greatly in life histories, morphologies and swimming abilities, yet both were found to aggregate around the fluorescence maximum, below the pycnocline. While bryozoans feed exclusively on phytoplankton (Strath mann 1987), only caridean stages I and II do (Ouellet & Allard 2006) . In the field and laboratory, the vertical distribution of planktotrophic larvae is often related to the presence of food patches (Raby et al. 1994 , Metaxas & Young 1998 , Sa meoto & Metaxas 2008b ). Both bryozoan and caridean larvae have the chemosensory ability to detect food (Kingsford et al. 2002) , and laboratory observations have shown direc ted movement towards food supply for the decapod, Nihonotrypaea harmandi (Tamaki et al. 2010) . Once within the food patch (i.e. food is detected), larvae may modify their swimming to remain within the patch (Metaxas & Young 1998) (Young 1995) . In St. George's Bay, for bryozoans and carideans to re main within the layer of fluorescence maximum would require a combination of swimming and buoyancy. Bryozoans are small, and are weak swimmers compared to cari deans (Chia et al. 1984) , but are probably less dense. Increased feeding opportunity can shorten planktonic larval duration, increasing survival and potentially decreasing dispersal distance (Pechenik 1987) . Within the layer of the fluorescence maximum, current velocities may promote recirculation of bryozoan larvae during the full moon, and advect them towards the westward shore of St. George's Bay during the quarter moon. Carideans would experience similar transport to bryozoans; however, their horizontal transport pattern would also be affected by diel vertical migration (see the last 2 paragraphs of this section).
Diel vertical migration was exhibited by larval gastropods, polychaetes, carideans and brachyurans, suggesting a potential adaptive significance to their migration. Light is inferred as the cue that drives vertical migration for all these taxonomic groups (Petipa 1955 as cited in Mileikovsky 1973 , Daro 1974 , Forward 1985 , often as a result of negative phototaxis. This response may have evolved as a mechanism by which larvae may avoid predation (particularly visual predators such as fish) (as suggested by Cronin & Forward 1986 , Garland et al. 2002 , dos Santos et al. 2008 or optimize feeding, increasing survival (Hays 2003) . In St. George's Bay, the fishes Gasterosteus aculeatus and Merluccius bilinearis are known to feed on larval gastropods, bivalves and crustaceans (Short et al. 2012 ). In our study, the mechanism driving the migratory behaviour is uncertain. Gastropods and polychaetes are also known planktotrophic herbivores. These larvae may either feed below the pycnocline during the day, and migrate into the mixed layer at night, or may migrate from just above the seafloor to the fluorescence maxi mum layer (13−18 m depth) at night to feed.
The magnitude of diel vertical migration varied among taxonomic groups, potentially leading to differences in transport distance and direction. Gastropods and polychaetes migrated a distance of ~6−12 m, from just above the seafloor to just above the thermocline at night, while carideans and bra chyurans migrated a distance of >12 m, from below the thermocline to the surface. This difference in magnitude may result from differences in size, ontogenetic stage, or swimming ability. Due to their small size and weak swimming abilities, larval gastropods and polychaetes may be unable to migrate over the entire water column. Decapod larvae are known to vertically migrate the greatest distances (20−50 m) (dos Santos et al. 2008) , whereas gastropod vertical migrations tend to be short (Garland et al. 2002 , Lloyd et al. 2012 . For some gastropods and polychaetes, the speed of active movement is adequate to migrate through most of the water column in 1. ) (Mileikovsky 1973) . It is unknown, however, whether they swim the entire depth of the water column or their depth-range is constrained by water column structure (i.e. thermocline, halocline, pycnocline etc.). Consequently, these taxonomic groups experience different flow regimes, and may have very different transport patterns. For gastropods and polychaetes, diel vertical migration from near the seafloor to just above the thermocline at night would have promoted transport towards the mouth of St. George's Bay during the full moon and the southern shore during the quarter moon. For brachyurans and carideans, vertical migration from below the thermocline to the surface at night would have promoted retention in the vicinity of the sampling site during the full moon and transport towards the eastern shore during the quarter moon.
Linking behavioural responses to field vertical distributions
Laboratory studies are often used to provide first order estimates of larval behaviour likely to be observed in the field, and field larval distributions measured at high temporal frequencies can be used to test the validity of these estimates. We observed vertical distributions of bivalve and asteroid larvae in the field that are similar to those reported in laboratory studies , Sameoto & Metaxas 2008b , Daigle & Metaxas 2011 . For example, larval asteroids swim upwards and remain in the upper layers of the water column (Sameoto & Metaxas 2008b , Daigle & Metaxas 2011 , and remain below a discontinuity when temperatures above the thermocline exceed 24°C (Daigle & Metaxas 2011) or the halocline is strong (ΔS > 8) (Sameoto & Metaxas 2008b) . Our observation that planktotrophic herbivores aggregated around or within the fluorescence maximum in the field can be explained by behaviours observed in the laboratory (Metaxas & Young 1998 , Burdett-Coutts & Metaxas 2004 , Sameoto & Metaxas 2008b . For example, in the laboratory, bivalves migrate towards food when it is present (Sameoto & Metaxas 2008b ). Changes in the vertical distribution of bi valves with diel period are observed both in the field and laboratory (Tremblay & Sinclair 1990a , and the range of migration observed in both settings appears to coincide with the discontinuity layer. For example, the bivalve Placopecten magella nicus was found in high abundance at the surface at night, and at the thermocline during the day, regardless of the vertical position of food (Tremblay & Sinclair 1990b . Similar to these studies, we observed migration in gastropods and polychaetes from near the seafloor to the thermocline at night, but not in bivalves. Therefore, some simple behaviours of bivalves and asteroids studied in the laboratory can be used to explain general patterns observed in the field, and to derive biological para meters. There have been no studies examining re spon ses of gastropods, polychaetes, bryozoans and carideans to physical (temperature, salinity, current velocity, light) or biological (food) cues, except one study examining the response of carideans to thermal gradients (Ouellet & Allard 2006) . In contrast to bivalves and asteroids, few generalizations can be made about the behaviour of brachyurans. Most brachyurans respond to light and pressure cues in field and laboratory, which generally concurs with our observations. Both in the laboratory and in the field behavioural responses vary among species and larval stages (zoea and megalopae) (Brookins & Epifanio 1985 , Cronin & Forward 1986 , Forward & Wellins 1989 , Garrison 1999 , DiBacco et al. 2001 . For example, megalopae were found near the surface at flooding tide, while zoea were at the surface during ebbing tide (Brookins & Epifanio 1985) . Under the same tidal state and flow regime, zoea of Pachygrapsus crassipes also exhibited vertical migration, while those of Lophopanopeus spp. did not (DiBacco et al. 2001) . The complexity of responses by brachyurans re quires the collection of species-, stage-and system-specific information that can be used to parameterize their behaviour.
CONCLUSIONS
We identified 4 different patterns of vertical distribution for the larvae in St. George's Bay, (1) within the mixed layer, (2) below the thermocline, halocline and pycnocline, (3) associated with the fluorescence maximum and (4) migrating from below the thermocline, halocline and pycnocline to the mixed layer. We have suggested that transport can vary across the 4 different patterns of vertical distribution. These results indicate the importance of vertical structure and diel vertical migration in larval retention and transport. Our results are particularly relevant for application in biophysical models, in that they demonstrate how variability in dispersal depends upon observed current structure in each of the identified layers, which is often poorly represented in physical models (Stow et al. 2009) . Further, our study shows that 4 different groups of larvae of commonly observed coastal marine organisms exhibit 4 different models for vertical structure. We suggest that these results could be explored further in biophysical numerical simulation models (deYoung et al. 2010) in other regions where similar species are found. For most taxonomic groups, simple field measurements of water-column structure (e.g. temperature and fluorescence profile) in the field, linked to behavioural responses in the laboratory, can be used to improve the parameterization of biological components of biophysical models. More controlled laboratory experiments examining behavioural responses of a variety Table 4 . Larval transport of all taxonomic groups over short temporal scales, based on their vertical distribution at our sampling site in St. George's Bay, Nova Scotia, Canada. Estimates of larval transport were calculated from progressive vector plots (Fig. 5) for a 24 h period, using 3 start times (10:00, 16:00 and 22:00 h) and over both sampling periods (see Methods for details). For larvae in the mixed layer (3, 6 and 9 m), below the thermocline (halocline and pycnocline; 18 and 23 m) or associated with the fluorescence maximum layer (18 m), transport was calculated at a single depth. For larvae that varied with diel period, transport was calculated using a combination of 2 depths: either 3 and 18 m (carideans, brachyurans) and 12 and 24 m (gastropods, bivalves). N = north, S = south, W = west, E = east of larvae to different physical (e.g. temperature, salinity, discontinuities, pressure, light, etc.) and biological (food, predators and conspecifics) cues, as well as combinations of these cues (e.g. diel period and discontinuities) are needed for comparison with field distributions. It is possible that for each taxonomic group, the behavioural component of the model can be relatively simple. With valid biological parameters, we can ultimately improve the quality of transport estimates generated using biophysical models for different taxonomic groups. 
